Introduction: The aim of this study was to evaluate the cyclic and torsional fatigue resistance of the following reciprocating single-file systems: ProDesign R 25.06 (Easy Equipamentos Odontol ogicos, Belo Horizonte, Brazil), Reciproc R25 (VDW GmbH, Munich, Germany), and Unicone L25 (Medin SA, Nov e M esto in Morav e, Czech Republic). Methods: Sixty instruments of the ProDesign R, Reciproc R25, and Unicone L25 systems (n = 20) were used. Cyclic fatigue resistance was tested measuring the time to failure in an artificial stainless steel canal with a 60 angle and a 5-mm radius of curvature (n = 10). Torque and angle of rotation at failure of new instruments (n = 10) in the 3 mm from the tip portion were measured during torsional testing according to ISO 3630-1. The fractured surface of each fragment was examined by scanning electron microscopy. Data were analyzed using 1-way analysis of variance and Tukey tests, and the level of significance was set at 5%. Results: The cyclic fatigue resistance values of ProDesign R 25.06 were significantly higher than the other groups (P < .05). Reciproc R25 showed higher fatigue resistance than Unicone L25 (P < .05). In relation to the torsional test, the ProDesign R 25.06 and Unicone L25 systems showed higher angular rotation until fracture than Reciproc R25 (P < .05). However, Reciproc R25 and Unicone L25 showed higher torque load than ProDesign R 25.06 (P < .05). Scanning electron microscopic analysis showed similar and typical features of cyclic and torsional failure for all instruments tested. Conclusions: ProDesign R presented the highest cyclic fatigue resistance and angular rotation to failure compared with Reciproc and Unicone. However, Reciproc showed higher torsional strength to failure. (J Endod
N ickel-titanium instruments (NiTi) show flexibility and elasticity to provide safe root canal preparation in curved canals (1, 2) . However, unexpected instrument separation can occur, and many variables may contribute to this occurrence. The most common causes are flexural and torsional stress (3, 4) .
Cyclic flexural fatigue occurs by repeated compressive and tensile stresses when the instrument rotates in a curved canal (3) , which often happens clinically (3, 5) . Torsional failure occurs when the tip of the instrument is locked in the canal while the shank continues to rotate (3) . This can happen in straight or curved canals, especially in the preparation of narrow and constricted canals when the file is susceptible to high torsional loads (3, 5) . Torsional failure is characterized by a maximum torsional load and angle of rotation. This property reveals the ability of the file to twist before fracture (6) . Therefore, to minimize this drawback, the manufacturers developed several strategies such as new cross sections, designs, thermomechanical processes, and kinematics (1, 2, (6) (7) (8) .
The reciprocating motion used in reciprocating single-file systems has been shown to be safe and effective in the preparation of curved root canals, reducing cyclic fatigue, torsional stress, and working time (9) (10) (11) . Reciproc (VDW GmbH, Munich, Germany) is fabricated from M-Wire alloy. This NiTi alloy shows more flexibility and mechanical strength than NiTi wire (2, 12) . M-Wire instruments are produced by transforming an NiTi wire in the austenite phase into the R-phase, an intermediate phase formed during the transformation from martensite to austenite on heating and reverse transformation on cooling the material (2, 12) .
Recently, new reciprocating systems were introduced using different designs and NiTi alloys. ProDesign R (Easy Equipamentos Odontologicos, Belo Horizonte, MG, Brazil) has 2 instruments with #25 and #35 tip sizes and 0.06 and 0.05 tapers, presents an S-shaped cross section, and is manufactured by a special thermomechanical process that controls the memory of the NiTi. These instruments are mainly in the martensite phase, which provides more flexibility, cyclic fatigue resistance (2, 7, 12, 13) , and high deformation capacity during torsional testing (12) (13) (14) . Unicone (Medin, Nov e Mesto na Morave, Czech Republic) is an NiTi (proprietary treatment not reported by the manufacturer) reciprocating instrument with an inactive tip and a convex triangular cross section; it is composed of 3 instruments with #20, #25, and #40 tip sizes and a 0.06 taper size. Some authors have reported that this instrument has low flexibility and a short lifetime during cyclic fatigue test (15, 16) .
There are no studies regarding the cyclic and torsional fatigue resistance of ProDesign R. Furthermore, there is no report of the torsional properties of Unicone. The aim of this study was to evaluate the cyclic and torsional fatigue (maximum torque load and angular rotation) of the ProDesign R 25/.06 and Unicone 25/.06 systems and compare them with the Reciproc R25 instrument. The null hypotheses tested were as follows:
1. There are no differences in the cyclic fatigue resistance among the instruments. 2. There are differences in the torsional resistance among the instruments.
Methods
The sample calculation was performed using G*Power v3.1 for Mac (Heinrich Heine, University of D€ usseldorf, D€ usseldorf, Germany) by selecting the Wilcoxon-Mann-Whitney test of the t test family. An alpha-type error of 0.05, a beta power of 0.95, and a ratio N2/N1 of 1 were also stipulated. A total of 8 samples per group were indicated as the ideal size required for noting significant differences. Ten samples per group were used because an additional 20% was calculated to compensate for possible outlier values that might lead to sample loss.
A sample of 60 NiTi instruments (length = 25 mm) of 3 different reciprocating systems (n = 20 per system) were used in this study as follows: ProDesign R (size #25, 0.06 taper), Reciproc R25 (size #25, 0.08 taper), and Unicone L25 (size #25, 0.06 taper). Every instrument was inspected for defects or deformities before being tested under a stereomicroscope (Carl Zeiss, LLC, Oberkochen, Germany) at 16Â magnification; none were discarded. All files used were 25-mm long, with 10 instruments of each brand used for cyclic and torsional fatigue testing.
Cyclic Fatigue Test
The static cyclic fatigue tests were performed using a custom-made device that allowed a reproducible simulation of an instrument confined in an artificial curved canal as previously described (17) . The artificial canal was manufactured by reproducing the instrument size and taper, thus providing the instrument with a suitable trajectory with a 60 angle of curvature and a 5-mm radius of curvature ( Fig. 1A and B) . The curvature of the stainless steel artificial canal was fitted onto a guide cylinder made of the same material (angle of curvature = 60
, radius = 5 mm). Both the arch and the guide cylinder had a 1-mm-deep groove located 5 mm from the top to match the height of the counterangle. The groove served as a guide path for the instrument, which remained curved and free to rotate between the cylinder and external arch.
Ten instruments of each reciprocating system were activated by using a 6:1 reduction handpiece (Sirona Dental Systems GmbH, Bensheim, Germany) powered by a torque-controlled motor (Silver Reciproc, VDW) using the preset programs ''Reciproc ALL'' and ''WaveOne ALL'' to activate Reciproc R25 and ProDesign R 25.06 and Unicone L25, respectively. The preset programs were selected according to the manufacturers' instructions. To reduce the friction of the instrument as it came into contact with the artificial canal walls, a special high-flow synthetic oil prepared for lubrication of mechanical parts (Super Oil; Singer Co Ltd, Elizabethport, NJ) was applied. The time from motor activation was recorded and stopped as soon as a fracture was detected visually and/or audibly on a digital timer. During this step, a video recording was performed simultaneously, and the recordings were observed to ensure the accurate time of instrument fracture.
Torsional Fatigue Test
The torsion tests, based on ISO 3630-1 (1992), were performed by using a torsion machine described in detail elsewhere (18) . All files used were 25-mm long, and 10 instruments of each system were used to establish the mean values of torque and maximum angular deflection necessary until rupture.
The torque values were assessed by measuring the force exerted on a small load cell by a lever arm linked to the torsion axis. The rotation angle was measured and controlled by a resistive angular transducer connected to a process controller. Before testing, each instrument handle was removed at the point where the handle was attached to the shaft. The end of the shaft was clamped into a chuck connected to a reversible geared motor. Three millimeters of the instrument tip were clamped in another chuck with brass jaws to prevent sliding. The counterclockwise rotation speed was set to 2 rpm. Continuous recording of torque and angular rotation was monitored, and the ultimate torsional strength and angular rotation ( ) were provided by a specifically designed computer program (Anal ogica, Belo Horizonte, MG, Brazil) and recorded.
Scanning Electron Microscopic Evaluation
The fractured surfaces of 5 instruments of each brand, randomly selected after the cyclic and torsional fatigue test to failure, were examined by scanning electron microscopy (JSM-TLLOA; JEOL, Tokyo, Japan) to look for the topographic features of the fractured instruments. Before scanning electron microscopic (SEM) evaluation, instruments were ultrasonically cleaned to remove debris. The photomicrographs were taken at 250Â magnification. Furthermore, additional photomicrographs were taken at 1000Â magnification in the center of the fractured surface of the instruments submitted to torsional testing.
Results
The mean and standard deviations of the cyclic and torsional fatigue resistance (torque maximum load and angle of rotation) for each instrument are presented in Table 1 . ProDesign R 25.06 had significantly higher cyclic fatigue resistance values than the other groups (P < .05). Reciproc R25 showed significantly higher cyclic fatigue resistance than Unicone (P < .05).
The maximum torsional strength values of ProDesign R 25.06 were significantly lower than those of Reciproc R25 and Unicone L25 (P < .05). Furthermore, there was a significant difference between Reciproc R25 and Unicone L25. In relation to the angular rotation, ProDesign R and Unicone L25 showed a significant difference in comparison with Reciproc R25 (P < .05). No difference was found between ProDesign R 25.06 and Unicone L25 (P > .05).
SEM Evaluation
Scanning electron microscopy of the fractured surface showed similar and typical features of cyclic fatigue and torsional failure for all brands tested. In the cyclic fatigue test, all the instruments displayed fractured surfaces with microvoids, morphologic characteristics of ductile fracture ( Fig. 2A-C) . In the torsional test, all the instruments showed concentric abrasion marks and fibrous dimple marks in the center of rotation for torsional failure (Fig. 3A-C  and a-c) .
Discussion
The cyclic and torsional resistance of NiTi instruments can be affected by instrument size, taper, cross-sectional design, diameter of core, and manufacturing process (1, 12, 19, 20) . At present, many changes in instrument design and manufacturing processes have been proposed to improve their mechanical properties and clinical performance (2, 21, 22) . Therefore, the aim of this study was to compare the cyclic and torsional resistance of 3 reciprocating files with different designs and manufacturing processes.
The dynamic model approximates a clinical pecking motion accomplished during root canal preparation (23) . However, in this study, the static cyclic fatigue model was selected, as used in previous studies (14) (15) (16) 24 ). The static model allows a precise trajectory in the artificial canal and decreases some variables, such as the amplitude of axial movements and speed, which are completely subjective and in a clinical situation their reproduction is unreliable because the axial motion is manually controlled (24) . The use of a simulated artificial canal in a stainless steel block was used for cyclic fatigue analysis and has previously been reported (1, 9, 11, (14) (15) (16) (17) . In this study, the torsional fatigue resistance (maximum torque load and angle of rotation) to fracture was compared. The torsional tests were performed in accordance with ISO 3630-1 as in previous studies (4, 18) . After fastening the 3 mm of the tip and shaft of the instruments, a rotational counterclockwise direction rotation was set in a counterclockwise direction for all instruments because of their spiraling flutes (25) .
The first result of this study showed that ProDesign R 25.06 had higher cyclic fatigue resistance values than the other groups. Thus, the first null hypothesis was rejected. The ProDesign R, Reciproc, and Unicone instruments have the same tip sizes (#25). However, the tapers differ among them; ProDesign R and Unicone have a taper of 0.06 mm/mm, and Reciproc R25 has a nominal taper of 0.08 mm/ mm over the first 3 mm from the tip. The lower taper value of ProDesign R and Unicone when compared with Reciproc R25 should ensure a higher cyclic fatigue time; nevertheless, our results showed that only ProDesign R presented better results than Reciproc and Unicone. In addition, the Reciproc group showed a significantly higher cyclic fatigue resistance value than the Unicone group (P < .05). Thus, other variables, such as cross-sectional design, diameter of core, and manufacturing process, should be taken into account for the outcomes of this study.
The results of this study were probably caused by the different cross-sectional designs and types of NiTi alloy of the instruments, which affect the mechanical properties of NiTi instruments (2, 15, 23, (25) (26) (27) (28) . ProDesign R and Reciproc have S-shaped cross sections with 2 cutting edges, and Unicone has a convex triangular cross section. In a supplementary examination, we captured the cross-sectional configuration of each instrument at 5 mm from the tip using scanning electron microscopy and measured the area using software (AutoCAD; Autodesk Inc, San Rafael, CA) (25) . ProDesgin R showed the smallest area (239.219 mm 2 ) followed by Unicone (245.95 mm 2 ) and Reciproc (274.890 mm 2 ). NiTi instruments with larger cross-sectional areas present lower cyclic fatigue resistance (19, 23, 25, 26, 28) . Therefore, this could contribute to the difference in cyclic fatigue resistance of these instruments.
The mechanical properties of NiTi instruments are affected by the type of alloy used in the manufacturing process (1, 2, 7, 12, 14) . All the instruments used in this study were manufactured from different NiTi alloys. ProDesign R had significantly higher cyclic fatigue resistance than the other groups tested, and Reciproc had higher cyclic fatigue resistance than Unicone. ProDesign R was the only instrument made of controlled memory (CM) wire, and this could explain the better results shown in the cyclic fatigue test. It has previously been reported that CM wire instruments have greater flexibility and cyclic fatigue resistance than M-Wire and conventional NiTi instruments (2, 14, 29) . There were only 2 previous studies evaluating the mechanical properties of Unicone instruments (15, 16) . In agreement with our results, Silva et al (15) showed that Unicone had the lowest cyclic fatigue resistance when compared with Reciproc and WaveOne (Dentsply Maillefer, Ballaigues, Switzerland). These authors reported that the cross-sectional design and the NiTi alloy (proprietary treatment not reported by the manufacturer) of the Unicone instruments could explain these results.
The second result of this study showed that ProDesign R had the lowest maximum torsional strength in comparison with Reciproc and Unicone (P < .05). Furthermore, ProDesign R and Unicone supported a greater angular rotation than Reciproc until fracture (P < .05). Thus, the second null hypothesis was rejected. The results of this study were probably related to the different cross-sectional designs and NiTi alloy of the instruments, which have a significant influence on the torsional resistance (1, 5, 7, 25, (29) (30) (31) .
The torsional test was performed by clamping 3 mm of the instrument tip. Thus, in a supplementary examination, we captured the crosssectional configuration of each instrument in 3 mm from the tip using scanning electron microscopy and measured the area using software (AutoCAD) before the torsional test (14) . ProDesign R showed the smallest area (98.521 mm 2 ) followed by Unicone (110.395 mm . The Reciproc and Unicone groups showed significantly higher torsional strength until fracture than ProDesign R (P < .05), but the Unicone group showed lower torsional strength than Reciproc (P < .05). It has previously been reported that instruments with larger cross-sectional areas generally present higher torsional stiffness (20, 25, 31) . Furthermore, the M-Wire instruments, such as Reciproc, generally had greater torsional stiffness but a smaller angle of rotation to fracture than CM wire instruments, such as ProDesign R (2, 14, 29, 30) . Our results were in agreement with the aforementioned studies and could be explained because of the high flexibility of CM wire, providing greater deformation capacity and demanding lower torsional strength values (2, (12) (13) (14) . There were no previous studies evaluating the torsional fatigue resistance of Unicone instruments. Our results showed that Unicone had greater maximum torsional strength than ProDesign R (P < .05). However, it had a similar angle of rotation (P > .05). The different alloys and cross-sectional designs of these instruments might also explain the differences in the results obtained.
SEM analysis showed typical fractographic appearance of cyclic fatigue and torsional fractures, with a similar appearance among the 3 brands. After the cyclic fatigue test, the instruments showed crack initiation areas and overload (fast fracture) zones, with numerous dimples spread on the fractured surface. After the torsional test, the fragments demonstrated the typical features of shear failure, including concentric abrasion marks and fibrous microscopic dimples at the center of rotation (1, 6, 14, 25) . The CM wire did not prevent but did delay the onset of catastrophic failure (unstable and fast crack growth) of the material.
The higher cyclic fatigue resistance of ProDesign R indicated that these instruments were very flexible and safe for preparing curved root canals and could perhaps cause fewer undesirable changes in the root canal anatomy during instrumentation. Furthermore, the greater angular distortion of ProDesign R could be beneficial and may provide clinicians with an indication that there was plastic/permanent deformation and imminent fracture (29) . On the other hand, in constricted and curved canals, the instrument would be submitted to higher torsional load stress, which could induce plastic deformation more easily than the Reciproc and Unicone instruments. Therefore, a glide path would be necessary before the use of the ProDesign R instrument to provide pre-enlargement and reduce the torsional stress. In relation to the Unicone instrument, it should be used with caution for the preparation of curved root canals.
In conclusion, within the limitations of this study, our results showed that ProDesign R had the highest cyclic fatigue resistance values and angular rotation to fracture in comparison with Reciproc and Unicone. However, Reciproc showed higher torsional strength to failure.
